A method is described to measure the refractive index dispersion with wavelength of optically trapped solid particles in air. Knowledge of the refraction properties of solid particles is critical for the study of aerosol; both in the laboratory and in the atmosphere for climate studies. Single micron-sized polystyrene beads were optically trapped in air using a vertically aligned counter-propagating configuration of focussed laser beams. Each bead was illuminated using white light from a broadband light emitting diode (LED) and elastic scattering within the bead was collected onto a spectrograph. The resulting Mie spectra were analysed to accurately determine polystyrene bead radii to AE0.4 nm and values of the refractive index to AE0.0005 over a wavelength range of 480-700 nm. We demonstrate that optical trapping combined with elastic scattering can be used to both accurately size polystyrene beads suspended in air and determine their wavelength dependent refractive index. The refractive index dispersions are in close agreement with reported values for polystyrene beads in aqueous dispersion.
Introduction
Atmospheric aerosol is known to impact on many areas of life, such as air pollution, human health, and modern climate change. 1, 2 The climate of the Earth is directly affected by aerosols scattering and absorbing solar radiation and indirectly affected by aerosols acting as cloud condensation nuclei. There is a significant amount of uncertainty regarding aerosol contribution to both effects and characterisation of the physical properties of atmospheric aerosol such as radius and refractive index are necessary to reduce the uncertainty. Polystyrene beads are often used as a test aerosol to calibrate instruments used to size aerosols with light scattering techniques. 3 The refractive index of the beads controls, in part, the elastic scattering of light as a function of scattering angle and wavelength. Therefore, knowledge of the bead's refractive index as a function of wavelength is critical for the use of polystyrene beads as test aerosol. Refractive index varies with wavelength and the variation can be described by a Cauchy equation. 4 The variation in refractive index with wavelength can also be referred to as a dispersion of the refractive index. The Cauchy equation is of the form;
Where, n is the refractive index at wavelength, l, and A, B and C are empirical coefficients. To date, a number of studies have focussed on the characterisation of the refractive index dispersion of polystyrene either as bulk material or as an aqueous suspension. [5] [6] [7] [8] For polystyrene bead suspensions, the dispersions of the refractive index with wavelength are broadly in agreement. Miles et al., 9 performed a cavity-ring-down study looking at polystyrene beads in air and reported a value of the real component of refractive index of 1.627 AE 0.027 at a single illumination wavelength of 560 nm. The reported value was larger, but within the uncertainty of the measurement, when compared to those obtained from studies of aqueous polystyrene bead suspensions. [5] [6] [7] [8] The study presented here demonstrates the technique of optical trapping of polystyrene beads in air combined with white-light scattering [10] [11] [12] [13] and the application of Mie theory, analysis are given in Ward et al. 10 and in Moore et al. 11 and references therein. The refractive index dispersion with wavelength for polystyrene beads in air were investigated and compared to polystyrene beads in water. Beads were individually characterised to determine the variation in size and refractive index within the sample of polystyrene beads.
Bateman et al. 5 used transmission photospectrometer measurements to determine the size and refractive index dispersion of a suspension of polystyrene beads in water as preliminary work towards the characterisation of biological hydrosols. Polystyrene microspheres were chosen for Ma et al.'s 6 investigation as a proxy for turbid media used in the development of biomedical optics and the calibration of optical instrumentation. Ma et al. 6 determined the complex and real values of the refractive indices as a function of wavelength using reflectance and transmission measurements of the suspensions of polystyrene beads in water using an integrating sphere. Other researcher's motivations for studying polystyrene were to provide optical reference data for bulk polystyrene 7 and to contribute to bulk optical plastic data. 8 The National Institute of Standards and Technology (NIST) have also used an integrating sphere to make absorption measurements to determine the refractive index dispersions of polystyrene suspensions. 17 NIST selected polystyrene as a generic micro bead and their results indicated slightly different refractive index dispersions for different sized polystyrene beads, resulting in a difference of 0.001 in refractive index between beads of different radii. A further study 18 of individual polystyrene beads has been undertaken in solution. Philips et al. 18 nebulised a solution of polystyrene beads and used electric fields to control the resultant charged beads in order to isolate one bead. The bead was illuminated using a laser and the size and refractive index values of polystyrene fitted. In the study presented here single polystyrene beads in air have been optically trapped using a vertically aligned counterpropagating configuration of focussed laser beams. The technique provides a contact free method of studying single aerosol particles and is an ideal way to model aerosols in the climate and their related atmospheric chemistry. 19, 20 have subsequently reported success in trapping such beads using a horizontally orientated counter-propagating trap with significant stability in trapping even under low pressure conditions.
Flynn et al. 24 and Lindballe et al. 25 have trapped polystyrene beads in aqueous suspension using horizontal counter-propagating optical traps. Flynn et al. 24 analysed the forward scattered laser light at different laser power ratios to determine the size and refractive index at low resolution. Building on the initial work of Ward et al. 10 and then Moore et al. 11 this study demonstrates that light scattering from a white LED and application of Mie theory can be used to accurately size polystyrene beads suspended in air and determine the refractive index dispersion over a broadband wavelength range.
Experimental

Apparatus and aerosol generation
A vertically aligned counter-propagating optical trap was used to trap forty-six individual polystyrene beads. A diagram of the apparatus is shown in Fig. 1 . The equipment consists of a 1.50 W, 1064 nm, continuous wave Nd:YAG laser (Laser Quantum) coupled to two fibre-optic cables using a beamsplitter coupling port (Oz Optics). The laser beam was fibre-delivered to two opposed objective lenses (Mitutoyo M Plan Apo 50Â, NA = 0.42) using simple beam expansion optics to match the beam diameter to the back aperture of the objective lens. 26 The focussed beams were aligned in x, y and z dimensions using differential micrometer control on the top objective to create a counter-propagating optical trap. Vertical focal separation between the two beams was set at 10 mm. The laser power of the upwards pointing beam was 10 mW and the downwards beam 15 mW at the point of focus. These laser powers permitted stable optical trapping combined with an in-focus brightfield image of the trapped bead. The larger radiation pressure from View Article Online the downwards beam was used to force the bead into the image plane of the lower objective lens. 23 A brightfield side image of the bead, orthogonal to the previous image of the trapped bead, was also obtained to assist bead trapping. An aluminium cell is used for bead trapping and was placed between the two objective lenses. The windows in the top and bottom faces of the cell were coverslips which allowed the laser beams to focus into the cell with minimal aberration. The cell also contained inlet and outlet ports orthogonal to the laser beam paths to allow delivery and exhaust of aerosols. An atomiser (Topas, ATM 220) with a diffusion dryer (Topas, DDU 570/L) was used to deliver dry polystyrene beads, of approximately 1.25 mm radius, into the trapping cell. The beads were obtained from Bangs Laboratories (PS05N, Batch 5893) and are specified at 1.25 mm radius with 0.08 mm standard deviation. Transmission Electron Microscopy analysis was also performed on the polystyrene bead sample using a JEOL JEM-2100/HT electron microscope in low-magnification mode. The average particle radius was determined as 1.216 mm with a standard deviation of 0.015 mm. A number of beads were delivered into the cell and the cell position was adjusted relative to the laser beams until a single bead was trapped. The remaining beads were removed by collisions with the cell walls. All beads were from the same commercial sample and each bead was studied individually.
No control was made for humidity or temperature. Room humidity was typically 30% RH and room temperature was 21 1C and kept constant by air conditioning. To allow inspection of the beads after trapping they were placed on the lower coverslip by raising the sample cell relative to the trapping position. The inspection was to confirm that a solid polystyrene bead was trapped rather than dust, a small fragment of the silica gel from the diffusion dryer or an aqueous liquid droplet.
Light from a white LED (Comar 01 LD 555, 6 V) was focussed on the trapped bead as shown in Fig. 1 . An iris was placed in the optical train in such a position that the edge of the iris was in focus in the microscope imaging plane. The area of the imaged iris was adjusted to be of a size slightly greater than that of the trapped bead. A portion of the white light was backscattered by the polystyrene bead and collected across a 25 degree cone angle by the objective lens before exiting along the same optics through the microscope towards a beamsplitter where it was focussed into a spectrograph (Acton SP2500i) via a series of mirrors (Semrock Max Mirror). The light was subsequently imaged on to a charge-coupled device (CCD) detector (Princeton Instrument Spec 10:400 BR). Spectra were collected by scanning from 480-700 nm using a 1200 groove mm À1 grating with a resolution of 0.028 nm. The spectrograph and CCD were calibrated for wavelength using the spectral lines of Ar and Xe gas lamps (reference lines from NIST database 27 ).
Imaging
The optically trapped polystyrene bead was imaged using brightfield illumination such that the upper objective lens acted as a condenser. The bead was also imaged horizontally, through two coverslip windows in the cell, to provide both horizontal and vertical views of the bead respectively as shown in Fig. 2 . Side-imaging aided optical trapping as the falling polystyrene beads were observed approaching the laser focus allowing the cell position to be adjusted accordingly. Illumination sources used for imaging were turned off during acquisition of elastically backscattered light.
Data fitting
The recorded spectrum of the intensity of elastically backscattered light with wavelength, henceforth the ''Mie spectrum'', was compared to the predicted spectrum calculated from Mie theory using two processes. Initially four different sets of empirical constants (A, B and C) for the wavelength-dependent dispersion of refractive index from the literature were used to determine the radii of the trapped polystyrene beads using eqn (1). The second process of fitting used the determined radii as a starting value for iteration of both the empirical constants A, B and C and also the particle size to determine whether better fits could be determined, and enable bead-to-bead comparison. 2.3.1 Radii determination using literature wavelength dependent refractive indices. Forty-six different polystyrene beads were optically trapped and their Mie spectra recorded. A typical backscattered Mie spectrum from a single polystyrene bead collected in this study is shown in Fig. 3 . Resonance wavelengths were taken from the spectrum of each bead which has at least 15 first-order resonances 28 in the wavelength range 480-700 nm. The resonance positions obtained experimentally were then compared to calculated wavelengths from Mie theory, the values of which are dependent on both refractive index and size. All calculated Mie spectra were integrated across the 25 degree collection angle. 10 The initial calculation of Mie resonance wavelengths were performed using literature values [5] [6] [7] [8] to define the wavelength dispersion of the refractive index of polystyrene. The values of the coefficients A, B and C in these studies are valid over the experimental wavelength range of 480-700 nm. The imaginary part of the refractive index for polystyrene is typically small and constant in the visible region 29 and in this work was fixed at 0.0003i. The refractive index of air was also assumed constant over this wavelength range at 1.00027. 30 Calculated resonance wavelengths were altered by varying only the particle size in 0.1 nm increments and the resulting positions compared to experimental resonance wavelengths. 11 The minimum value in the average difference per resonance, w r as defined in eqn (2), was used to determine the best fit for particle size.
Where, for N resonance positions, each measured resonance wavelength, l experimental from the recorded Mie spectrum was compared to the corresponding calculated resonance wavelength, l calculated determined using Mie theory for given values of particle radius and empirical constants A, B and C. The particle size is reported to the nearest nanometer.
Iterative fitting of size and refractive index dispersion.
The aim of the second fitting process was to obtain the best value of refractive index dispersion (i.e. values A, B and C) and particle radius to fit the calculated Mie resonance wavelengths to the experimental resonance wavelengths. Ten polystyrene beads were selected at random from the forty-six original beads. The bead radius was initially set at the value of the average radius obtained from the initial fitting process described in Section 2.3.1. Whilst it was possible to determine w r for all the values of A, B, C and radius within known boundary conditions this was found computationally intensive. As an alternative, for each particle size we considered the refractive index, n ABC , required to match the calculated and experimental resonance wavelengths for each resonance position. The typical result was a plot of 15 data points showing the dispersion of refractive index, n exp with wavelength that is required to exactly fit the selected particle size to the experimental resonance wavelengths (see Fig. 4 for an example). A set of empirical constants A, B and C were fitted to the values of n ABC for all the resonances using a Levenberg-Marquardt algorithm. 31, 32 The residual, j, from the Levenberg-Marquardt algorithm was used to assess the quality of the fit. To determine the particle size the value of particle radius was varied in 0.5 nm increments and the above procedure repeated until the minimum in the plot of j against particle radius was obtained, as shown in Fig. 5 . Each of the recorded Mie spectra from the ten selected polystyrene beads was fitted in this way (see Table 2 ). Table 1 lists the summarised average and standard deviation of the optimum radii for the forty-six optically trapped beads using literature constants for the Cauchy equation to describe Fig. 3 A typical recorded experimental Mie spectrum for an optically trapped polystyrene bead ( Table 2 , number 13) is shown in red. The background signal from the white LED has been divided through the collected signal but no other processing or modifications have been made. The calculated Mie spectra for a polystyrene bead of size 1.227 mm, and a dispersion of refractive index as detailed in Table 2 is shown in black and is offset by 0.5 arbitrary units. Table 1 is the average value of, w r (eqn (2)), the figure of merit for comparing experimental and calculated resonance positions. Bateman et al.'s 5 wavelength-dependent equation to describe refractive index gives the best quality of fit to the experimental data. However, with the exception of Ma et al. 6 all fits are similar.
Results and discussion
Comparison with literature refractive index dispersions
Iterative fitting results for individual polystyrene beads
The results for single polystyrene beads will now be considered. Fig. 3 compares a typical Mie spectrum from the experiment (bead number 13) with a calculated Mie spectrum and shows excellent agreement in resonance wavelength values. The difference in wavelength of the resonance positions for the spectra in Fig. 3 was an average of 0.049 nm which was less than 2 pixels on the detector. The calculated Mie spectrum in Fig. 3 was calculated for values of radius and A, B and C as detailed in Table 2 .
To obtain the radius of the polystyrene bead, a number of radii were fitted as described in Section 2.3.2. For bead 13, the value of the Levenberg-Marquardt residual, j was plotted as a function of radius close to the optimum size value, as shown in Fig. 5 , demonstrating a clear minimum that corresponds to a radius of 1.227 mm. As the bead radius was altered away from the optimum position the change in refractive index required to match the calculated Mie spectrum resonances to the experimental Mie spectrum resonances became more exaggerated and the residual value, j, increased. The above procedure results in an uncertainty of AE0.4 nm in particle radius (determined from Fig. 5 ) which propagates to an uncertainty in refractive index of AE0.0005 as shown in Fig. 4 .
Data fitting results for ten polystyrene beads
The values of the radius and empirical constants A, B and C for each of the ten beads are listed in Table 2 . A range of values for both the radius and A, B and C were determined when the beads were fitted using an identical procedure (see 2.3.2). The difference in values of size and refractive index was greater than the error in these quantities and therefore significant. The individual values of refractive index for the beads are plotted as a function of wavelength in Fig. 6 to illustrate the differences Fig. 5 The value of the Levenberg-Marquardt residual, j, as a function of bead radius for an optically trapped polystyrene bead (Table 2, number 13). The uncertainty in determination of optimum bead radius is AE0.4 nm. Fig . 6 Refractive index dispersions for ten individual polystyrene beads taken from Table 2 . Each bead has a unique radius and wavelength dependent refractive index. Indicative error bars show the variation of refractive index for each bead arising from the measurement and data fitting process. The average refractive index dispersion of the ten beads is shown as a black line.
between the ten beads. Thus, the size and more interestingly the composition of each test aerosol was different for each bead, clearly showing that individual polystyrene beads would not be a suitable choice for instrument calibration at high resolution.
The average dispersion of the ten beads can be seen as the black line in Fig. 6 , and was calculated by averaging the values of the coefficients A, B and C for the ten beads in Table 2 which resulted in eqn (3). The overall variation (two standard deviations) of the refractive indices for the sample of polystyrene beads was 0.0022, and is shown in Fig. 7 . Eqn (3) agrees well with that of Bateman et al.
The average values of A, B and C were used to re-fit particle size as defined in Section 2.3.1 to the set of forty-six beads and the results are shown in Tables 1 and 3 . A smaller average value of w r was determined using these A, B and C values in comparison to those obtained from literature. Thus, for the sample of polystyrene beads used in this study, the description of the refractive index dispersion presented in eqn (3) was more accurate.
The average polystyrene bead radius measured from the Mie scattering analysis (1.227 AE 0.008 mm) is within error of that measured by electron microscopy (1.216 AE 0.015 mm) and has a similar deviation in particle size. Fig. 7 is a comparison of different refractive index dispersions from literature to the average dispersion obtained in this study. The dispersion used to describe our study lies close to that of Bateman et al. 5 indicating that our result agrees well with their study of polystyrene beads in aqueous suspension.
Other studies [6] [7] [8] The result that is the most relevant to our study is that of Miles et al. The variation of refractive index dispersion for the different polystyrene beads shown in Fig. 6 could indicate small chemical or physical differences in the polymer material during synthesis of the bead. However, there were two assumptions made in the fitting of Mie resonance wavelengths that could also lead to artefacts when considering individual beads. The first assumption was that the polystyrene beads were all perfectly spherical. Mie scattering of droplets under small deformation is shown 33, 34 to result in resonances which shift, broaden and split as the droplet asymmetry increases. Careful inspection of the experimental Mie spectra for polystyrene beads showed no discernible splitting or broadening of the narrow first-order resonances. The second assumption was that the wavelength dependent refractive index was described accurately by a three-term Cauchy equation; however, there could be a function to the curve which was not taken into account that requires a wavelength-dependent refractive index equation of a different form i.e. with more terms.
Conclusions
Forty-six polystyrene beads were optically trapped in air using a counter-propagating trap. Analysis of backscattered light and application of Mie scattering theory resulted in a determination of radius and new empirical constants for the wavelength dispersion of refractive index for polystyrene beads in air. From an iterative fitting process the polystyrene bead radius was determined with an uncertainty of AE0.4 nm and refractive index dispersion with an uncertainty of AE0.0005. Each polystyrene bead from the same batch was found to have a different radius and refractive index dispersion over the 480-700 nm range. Therefore, the use of a monodisperse value of refractive index for polystyrene bead samples could be problematic when conducting high accuracy work. This study has demonstrated the successful use of a technique to determine wavelength dependent refractive indices and radii for forty-six polystyrene beads. Comparison to literature indicates that the values of refractive index for polystyrene beads in air and polystyrene beads in aqueous suspension, determined by Bateman et al., 5 are in close agreement. Our analysis demonstrated that the technique is very sensitive and is capable of characterising polydispersity in size and composition for polystyrene beads. Therefore, we recommend that the use of polystyrene beads to calibrate light scattering instruments, for aerosol size measurements, should be treated with caution with regards to the variation in particle size and refractive index within the calibration sample. The study has shown the use of optically trapped polystyrene beads as a solid test aerosol and future studies will investigate different types of solid aerosol.
